Pseudomonas aeruginosa has emerged as a common and serious pathogen of the lower respiratory tract. This organism is one of the leading causes of nosocomial pneumonia in adult and pediatric critical care units, as well as a major etiologic agent of pneumonia in neutropenic patients (1, 17, 20) . In addition, its persistent colonization has been implicated in the chronic proinflammatory state and the progressive decline in pulmonary function in the airways of cystic fibrosis (CF) patients (7, 20, 21) . Despite our clinical armamentarium, the morbidity and mortality from Pseudomonas pneumonia remain substantial. In the normal host, the inflammatory response that follows the introduction of P. aeruginosa into the alveolus is characterized by the intrapulmonary sequestration of neutrophils (6) . The factors that regulate neutrophil recruitment and activation in Pseudomonas pneumonia have not been well characterized. Leukocyte recruitment is an integral component of the host defense cascade and is believed to be mediated, in part, by the production of chemotactic cytokines.
Four closely related families of chemotactic cytokines, referred to as chemokines, are now known to exist in humans, and most have murine homologues (27, 41) . Their classification is based on the presence of four conserved cysteine residues at the N terminus, the first two of which are separated by variable numbers of nonconserved amino acids. The CXC chemokine family is further distinguished by the presence or absence of an amino acid sequence, glutamic acid-leucine-arginine (ELR motif), that precedes the CXC sequence. ELR ϩ CXC chemokines have been shown to induce neutrophil chemotaxis and stimulate neutrophil activation in pulmonary and extrapulmonary inflammatory responses (2, 10, 14, 30, 39, 48, 49) . Several ELR ϩ CXC chemokines exist in humans, including interleukin-8 (IL-8), growth-related oncogene family (GRO-␣,␤) epithelial cell-derived neutrophil activating protein 78 (ENA-78), neutrophil activating peptide 2, and granulocyte chemotactic peptide 2 (GCP-2). Murine ELR ϩ CXC chemokines have also been identified; these include macrophage inflammatory protein 2 (MIP-2), KC, lipopolysaccharide-induced CXC chemokine (LIX), and Lungkine (35, 36, 50) . ELR ϩ CXC chemokines have recently been shown to be induced in gram-negative bacterial pneumonia models. In vitro studies have shown that many virulent factors of P. aeruginosa induce robust IL-8 production from isolated neutrophils, alveolar macrophages, as well as respiratory bronchial and alveolar epithelia (4, 8, 9, 28, 31, 33, 37) . Furthermore, a recent in vivo study of P. aeruginosa bronchopulmonary infection in CF mice demonstrated that retention of bacteria in the airways induced an excessive inflammatory response in CF mice above that of wild-type mice challenged with comparable bacterial inoculum (18) . The proinflammatory response was due in part to a significant elevation of MIP-2 and KC in the lungs of CF mice, suggesting that these chemokines may be detrimental to the CF host in chronic P. aeruginosa bronchopulmonary infection. In our laboratory, we have shown that MIP-2 is expressed within the lungs, but not blood, of mice administered Klebsiella pneumoniae intratracheally (i.t.), and the neutralization of MIP-2 was shown to attenuate lung neutrophil influx without substantially altering survival (16) . In contrast, the stable transgenic expression of KC in the lungs markedly increased neutrophil recruitment, resulting in significant increases in bacterial clearance and survival (47) . The role of ELR ϩ chemokines in the host response of acute and chronic respiratory infection of P. aeruginosa remains unclear. ELR ϩ CXC chemokine receptors have been characterized and found to be involved in neutrophil recruitment and acti-vation responses (19, 26, 32, 45) . Mice express only the CXCR2 receptor, which binds to all ELR ϩ CXC chemokines, whereas humans also possess a more selective receptor CXCR1 which binds specifically to IL-8 and GCP-2. In CXCR2 knockout mice, neutrophils were not recruited in vivo in response to MIP-2 or KC but did respond to other chemoattractants, suggesting that binding of ELR ϩ CXC chemokines to CXCR2 is essential for neutrophil recruitment and that CXCR2 is the exclusive receptor for these ligands (24) . Studies evaluating the role of gram-negative ELR ϩ CXC chemokines and their receptor CXCR2 in models of bacterial pneumonia have not been described.
In this study, we examined the role of ELR ϩ CXC chemokines and their receptor in host defense following i.t. Pseudomonas challenge. We hypothesized that ELR ϩ CXC chemokines are important contributors in the innate host defense against Pseudomonas challenge by mediating neutrophil recruitment and bacterial clearance.
MATERIALS AND METHODS
Reagents. Purified polyclonal rabbit anti-murine MIP-2 antibodies (Abs) used in neutralization studies and in the enzyme-linked immunosorbent assays (ELISAs) were produced by immunization of rabbits with carrier-free murine recombinant MIP-2 (R&D Systems, Minneapolis, Minn.) in multiple intradermal sites with complete Freund's adjuvant as previously described (12, 42) . These Abs have been demonstrated to neutralize their target chemokine bioactivity in vitro and in vivo (16) . Rat anti-murine KC monoclonal antibodies (MAbs) used in neutralization studies and in the ELISAs were purchased from R&D Systems. Fifteen to 30 g of KC Ab per ml has been demonstrated to neutralize mouse KC bioactivity in the presence of 1 g of murine KC per ml, using myeloperoxidase (MPO) release from human neutrophils as the bioassay. Purified polyclonal goat anti-murine CXCR2 antibodies were produced by intradermal immunization of goats with a 17-amino-acid peptide segment which comprises a portion of the seven-transmembrane receptor that resides on the cell surface of CXCR2 and has previously been shown to be the binding site for ligands. This antibody has been shown to detect CXCR2 by Western blot and fluorescence-activated cell sorting analysis of neutrophils (data not shown). We have demonstrated that this antibody is neutralizing both in vitro and in vivo and that its binding to CXCR2 on neutrophils does not alter peripheral blood neutrophil counts (29) .
Preparation and use of MAb RB6-8C5 for in vivo neutrophils depletion. RB6-8C5 is a rat anti-mouse monoclonal immunoglobulin G2b directed against Ly-6G, previously known as Gr-1, an antigen on the surface of murine granulocytes. Antigen expression increases with cell maturity and is absent from precursor cells. RB6-8C5, originally used for flow cytometry, is a complement-fixing isotype, well suited for in vivo cell depletion (13, 23, 25, 34, 44) . The Ab was produced by TSD BioServices (Germantown, N.Y.) by intraperitoneal (i.p.) injection of hybridoma RB6-8C5 into nude mice and collection of ascites. One hundred micrograms of RB6-8C5 was administered i.p. 1 day prior to challenge i.t. with P. aeruginosa or vehicle. This resulted in peripheral blood neutropenia (absolute circulating neutrophil count of Ͻ50 cells/l) by days 1 and 3 after Ab administration in both infected and control animals, with a return of peripheral counts to pretreatment levels by day 5.
Animals. Specific-pathogen-free C57BL/6 mice (6-to 8-week-old females; Jackson Laboratory, Bar Harbor, Maine) were used in all experiments. All mice were housed in specific-pathogen-free conditions within the animal care facility at the University of Michigan (ULAM) until the day of sacrifice.
P. aeruginosa inoculation. We chose to use P. aeruginosa strain UI-18 (PA-7; Parke-Davis, Ann Arbor, Mich.) in our studies, as this strain has been shown to induce an impressive intrapulmonary inflammatory response in mice (40) . PA-7 was grown in tryptic soy broth (Difco, Detroit, Mich.) for 18 h at 37°C in a shaking incubator at 225 rpm. The concentration of bacteria in broth was determined by measuring the absorbance at 600 nm. A standard of absorbancies based on known CFU was used to calculate inoculum concentration. Dose of 10 5 to 10 6 organisms per mouse were chosen, as this range allowed for the development of substantial inflammation in normal mice by 36 to 48 h without significant mortality. Animals were anesthetized with approximately 1.8 to 2 mg of pentobarbital per animal i.p. The trachea was exposed, and 30 l of inoculum or saline was administered via a sterile 26-gauge needle. The skin incision was closed with surgical staples. MPO assay. Lung MPO activity (as a measure of neutrophil quantity) was determined by a method described previously (15) . Briefly, lungs were homogenized in 2 ml of a solution containing 50 mM potassium phosphate (pH 6.0) with 5% hexadecyltrimethylammonium bromide and 5 mM EDTA. The resultant homogenate was sonicated and centrifuged at 12,000 ϫ g for 15 min. The supernatant was then mixed 1:15 with assay buffer and read at 490 nm. MPO units were calculated as the change in absorbancy (optical density [OD]) over time and expressed as mean mOD/time units Ϯ standard error of the mean (SEM).
Lung inflammatory cell enumeration. Lungs were harvested from euthanized mice, suspended in warm RPMI 1640 containing penicillin and streptomycin (both from Gibco), type I collagenase (150 U/ml), and DNase (0.03 mg/ml) (both from Worthington, Freehold, N.J.), minced with scissors to a fine slurry, and digested as previously described (3). After incubation in the above medium for 45 min, the tissue was forced through a nylon mesh using a glass pestle. The effluent cells were centrifuged at 400 ϫ g for 40 min and washed once in 15 ml of cold phosphate-buffered saline (PBS). Cells were counted in a hemocytometer using trypan blue exclusion as an index of viability. Cell differentials were determined by Wright-Giemsa staining of cytospins. Total numbers of each cell type were determined by multiplying the percentage of each cell type by the total number of cells.
Lung histologic evaluation. Mice were sacrificed with carbon dioxide inhalation. The pulmonary vasculature was perfused with 4% paraformaldehyde in PBS via the right ventricle. Lungs were then excised en bloc and inflation fixed in 4% paraformaldehyde in PBS. The lungs were then embedded in paraffin, and sections were cut and stained with hematoxylin and eosin under standard techniques.
Lung harvesting for cytokine analysis. At designated time points, mice were sacrificed with carbon dioxide inhalation and blood was collected by orbital bleeding or direct cardiac puncture. Whole lungs were then harvested for assessment of the various cytokine protein levels. Prior to lung removal, the pulmonary vasculature was perfused via the right ventricle with 1 ml of PBS containing 5 mM EDTA. After removal, whole lungs were homogenized in 1.5 ml of complete protease inhibitor lysis buffer (Boehringer Mannheim, Indianapolis, Ind.). Homogenates were incubated on ice for 30 min and then centrifuged at 2,500 rpm for 10 min. Supernatants were collected, passed through a 0.45-m-pore-size filter (Gelman Sciences, Ann Arbor, Mich.), and then stored at Ϫ20°C for assessment of cytokine levels.
Isolation and reverse transcription-PCR amplification of whole lung mRNA. Whole lungs were harvested, immediately snap-frozen in liquid nitrogen, and FIG. 2. Effect of neutrophil depletion on survival of mice after i.t. administration of P. aeruginosa (10 5 CFU). Data are expressed as percent survival at each time point determined by the Kaplan-Meier method. Difference in survival between the two groups was compared using the Mantel-Haenszel logrank test (P Ͻ 0.001 compared to non-neutrophil-depleted mice; n ϭ 10 mice per group).
•, neutrophil-depleted mice; ᮀ, non-neutrophil-depleted control mice. stored at Ϫ70°C; then reverse transcription-PCR performed as previously described (16) . Briefly, total cellular RNA from the frozen lungs were isolated, reversed transcribed into cDNA, and then amplified as previously described, using specific primers for KC, MIP-2, and LIX, with ␤-actin serving as a control. The primers had the sequences 5Ј-TGA-GCT-GCG-CTG-TCA-GTG-CCT-3Ј and 5Ј-AGA-AGC-CAG-CGT-TCA-CCA-GGA-3Ј for KC, 5Ј-TGC-CTG-AAG-ACC-CTG-CCA-AGG-3Ј and 5Ј-GTT-AGC-CTT-GCC-TTT-GTT-CAG-3Ј for MIP-2, 5Ј-CTC-AGT-CAT-AGC-CGC-AAC-CGA-GC-3Ј and 5Ј-CCG-TTC-TTT-CCA-CTG-CGA-GTG-C-3Ј for LIX, and 5Ј-ATG-GAT-GAC-GAT-ATC-GCT-C-3Ј and 5Ј-GAT-TCC-ATA-CCC-AGG-AAG-G-3Ј for ␤-actin. After amplification, the samples (20 l) were separated on a 2% agarose gel containing ethidium bromide (0.3 mg/ml; 0.003%), and bands were visualized and photographed using UV transillumination.
Densitometric analysis of PCR gels. After complete electrophoresis, the PCR gel image was captured and analyzed using the NIH Image software with a Macintosh computer. Data were expressed as a ratio of the measured calibrated mean pixel intensity of each cytokine band divided by the calibrated mean pixel intensity of the corresponding ␤-actin band at each time point.
Determination of plasma and lung P. aeruginosa CFU. At the time of sacrifice, plasma was collected, the right ventricle was perfused with 1 ml of PBS, and then lungs were removed aseptically and placed in 3 ml of sterile saline. The tissues were then homogenized with a tissue homogenizer under a vented hood. The lung homogenates were placed on ice, and serial 1:10 dilutions were made. Ten microliters of each dilution was plated on soy base blood agar plates (Difco), the plates were incubated for 18 h at 37°C, and then colonies counted.
Murine cytokine ELISA. Murine MIP-2 and KC protein levels were quantitated using a modification of a double-ligand method as previously described (16) . Briefly, flat-bottomed 96-well microtiter plates (Nunc Immuno-Plate I 96-F; Nunc, Roskilde, Denmark) were coated at 50 l/well with rabbit antibody against MIP-2 and KC (1 g/ml in 0.6 M NaCl, 0.26 M H 3 BO 4 , and 0.08 M NaOH [pH 9.6]) for 16 h at 4°C and then washed with PBS (pH 7.5)-0.05% Tween 20 (wash buffer). Microtiter plate nonspecific binding sites were blocked with 2% bovine serum albumin in PBS and incubated for 90 min at 37°C. Plates were rinsed four times with wash buffer, neat or diluted (1:10) cell-free supernatants (50 l) in duplicate were added, and the plates were incubated for 1 h at 37°C. Plates were washed four times, biotinylated rabbit antibodies against the specific cytokines (3.5 g/ml in PBS [pH 7.5]-0.05% Tween 20-2% fetal calf serum) and plates were added at 50 l/well, and plates were incubated for 30 min at 37°C. Plates were washed four times, streptavidin-peroxidase conjugate (Bio-Rad Laboratories, Richmond, Calif.) was added, and the plates were incubated for 30 min at 37°C. Plates were washed again four times and chromogen substrate (Bio-Rad) was added. The plates were incubated at room temperature to the desired extinction, and the reaction was terminated with 3 M H 2 SO 4 solution (50 l/well). Plates were read at 490 nm in an ELISA reader. Standards were 1/2-log dilutions of recombinant murine cytokines from 1 pg/ml to 100 ng/ml. This ELISA method consistently detected murine cytokine concentrations above 25 pg/ml. The ELISA did not cross-react with tumor necrosis factor, IL-1, IL-2, IL-4, or IL-6. In addition, the ELISA did not cross-react with other members of the murine chemokine family, including murine MIP-1␣, RANTES, and ENA-78. Statistical analysis. Data were analyzed on a Power Macintosh 8600/300 computer using InStat version 2.01 and GraphPad Prizm version 2.0 statistical packages (GraphPad Software). Survival data were expressed as percent survival determined by the Kaplan-Meier method and compared using the MantelHaenszel logrank test. All other data were expressed as mean Ϯ SEM and compared using an unpaired two-tail Mann-Whitney (nonparametric) test. P values were considered statistically significant if they were less than 0.05.
RESULTS
Influx of neutrophils into the lungs following intrapulmonary P. aeruginosa challenge. In initial experiments, we characterized the time course of lung neutrophil sequestration in C57BL/6 mice following intrapulmonary P. aeruginosa challenge. Lungs were harvested at 12 h and at days 1, 2, and 6; then whole lung homogenates were assessed for MPO content, a marker of neutrophil presence in the lung. Following P. aeruginosa inoculation, lung MPO levels increased over baseline, peaking maximally at 12 h and remaining elevated for 2 days before returning to baseline by 6 days after i.t. P. aeruginosa challenge (Fig. 1) .
Effect of neutrophil depletion on survival following intrapulmonary P. aeruginosa challenge. To determine the role of neutrophils in host defense in the setting of intrapulmonary P. aeruginosa challenge, survival was assessed in both mice depleted of neutrophils and non-neutrophil-depleted animals following intrapulmonary P. aeruginosa administration. C57BL/6 mice were administered 100 g of MAb RB6-8C5 (anti-Ly-6G MAb) i.p. 18 h prior to P. aeruginosa i.t. inoculation. Preliminary studies have shown that this dose of MAb RB6-8C5 resulted in peripheral blood neutropenia (absolute circulating neutrophil count of Ͻ50 cells/l) from 1 to 3 days after i.p. administration, with restoration of neutrophil counts by 5 days (data not shown). Following inoculation with 10 5 CFU of P. aeruginosa, 100% mortality was observed by 2 days in neutrophil-depleted mice, whereas no deaths were observed in control mice administered the same dose of P. aeruginosa (Fig.  2) . This study indicates that neutrophils play a crucial role in the early host defense against intrapulmonary P. aeruginosa.
Time-dependent expression of ELR ؉ CXC chemokine mRNA after i.t. P. aeruginosa administration. Given that ELR ϩ CXC chemokines possess potent neutrophil chemotactic effects in vivo and in vitro, we next determined whether ELR ϩ CXC chemokine message was induced in the setting of P. aeruginosa challenge. Mice were administered P. aeruginosa i.t., and lungs were harvested at 8 h and days 1, 2, and 4 after P. aeruginosa administration. The administration of P. aeruginosa (10 6 CFU) resulted in the time-dependent expression of KC, MIP-2, and LIX mRNA in the lungs of mice (Fig. 3) . Expression of ELR ϩ CXC chemokine mRNA was noted by 8 h following bacterial inoculation, remained elevated at 2 days, and then decreased by 4 days postinoculation. In contrast, no ELR ϩ CXC chemokine mRNA expression was detected in the lungs of animals administered saline i.t. (Fig. 3A, NS lane) .
Time-dependent production of ELR ؉ CXC chemokines after i.t. P. aeruginosa administration. We next determined whether specific ELR ϩ CXC chemokine proteins were induced in the setting of P. aeruginosa challenge. Mice were administered P. aeruginosa i.t.; then lungs were harvested at 12 h, and days 1, 2, and 6. The i.t. administration of P. aeruginosa (10 6 CFU) resulted in the time-dependent production of both KC and MIP-2 in the lungs of normal mice, as determined by specific ELISA. Maximal lung KC and MIP-2 levels peaked at 12 h following bacterial inoculation, remained elevated for 2 days, and then returned to baseline by 6 days postinoculation, compared to noninfected controls, where no KC or MIP-2 was detected in the lungs (Fig. 4) . In this study, the time-dependent induction of both ELR ϩ CXC chemokines paralleled that of neutrophil influx into the lung. No KC or MIP-2 was detected in the blood of either infected mice or noninfected controls at any time point postchallenge (data not shown). LIX protein levels were not quantified due to the absence of an ELISA to specifically detect this chemokine.
Effect of selective neutralization of MIP-2 or KC on lung neutrophil influx after i.t. P. aeruginosa administration. We next sought to determine whether selectively inhibiting an individual ELR ϩ CXC chemokine would affect outcome after intrapulmonary P. aeruginosa challenge. Mice were pretreated i.p. with 0.5 ml of rabbit anti-mouse polyclonal MIP-2 Ab or 100 g of anti-KC MAb 2 h prior to i.t. administration of P. aeruginosa (10 6 CFU); lungs were harvested 24 h following i.t. challenge. Treatment with specific antichemokine antibodies reduced the amounts of chemokines to below levels detectable by ELISA (data not shown). Mice treated with anti-MIP-2 Ab showed a significant reduction in total number of lung neutrophils (49%; P Ͻ 0.003) compared to control animals administered normal rabbit serum (Fig. 5 ). Mice treated with anti-KC Ab also demonstrated a reduction in total number of lung neutrophils (30%), although this decrease did not reach (10 6 CFU; n ϭ 5 animals per group). ‫,ء‬ P Ͻ 0.01 compared to control serum-treated mice challenged with P. aeruginosa. NS, untreated mice challenged with noninfected saline; NRS, normal rabbit serum-treated control mice challenged with P. aeruginosa; aMIP-2, anti-MIP-2 Ab-treated mice challenged with P. aeruginosa; aKC, anti-KC Ab-treated mice challenged with P. aeruginosa. the level of statistical significance. However, no differences were noted in survival or bacterial clearance between the anti-MIP-2 and anti-KC Ab-treated mice and animals receiving control serum (data not shown).
Effect of CXCR2 neutralization on survival after i.t. P. aeruginosa administration. To evaluate the entire group of ELR ϩ CXC chemokines, we used a CXCR2 neutralizing Ab that inhibited the binding of all ligands to their common receptor, CXCR2. Mice were administered i.p. 0.5 ml of goat anti-mouse CXCR2 Ab 2 h prior to i.t. inoculation with P. aeruginosa 10 6 CFU, a nonlethal inoculum dose in normal mice. At 1 day after P. aeruginosa inoculation, both anti-CXCR2 Ab-treated and normal goat serum-treated control animals developed signs of pneumonia, including lethargy and ruffled fur. However, survival was substantially greater in control mice challenged with P. aeruginosa, with 90% long-term survival observed in this group (P Ͻ 0.01). In stark contrast, no animals survived beyond 2 days in the anti-CXCR2 Ab-treated infected mice (Fig. 6) .
Effect of CXCR2 neutralization on bacterial clearance after i.t. P. aeruginosa administration. To determine if the observed decrease in survival in anti-CXCR2 Ab-treated mice was due to impairment in bacterial clearance, anti-CXCR2 Ab-treated and normal goat serum-treated control mice were administered P. aeruginosa (10 6 CFU) i.t. The lungs and plasma were harvested 24 h after inoculation. At 24 h, anti-CXCR2 Abtreated animals had a strikingly (4-log fold) greater number of P. aeruginosa CFU recovered from the lung compared to control animals challenged with P. aeruginosa ( Fig. 7 ; P Ͻ 0.01). In addition, 50% (5 of 10) of anti-CXCR2 Ab-treated animals were bacteremic by 24 h, whereas no control mice were bacteremic at any time point after P. aeruginosa administration (data not shown). These results indicate that CXCR2 neutralization significantly impaired effective bacterial clearance in the lung and permitted dissemination of the organism to the bloodstream.
Effects of CXCR2 neutralization on lung inflammatory cell influx after i.t. P. aeruginosa administration. To determine if the impairment in bacterial clearance in anti-CXCR2 Abtreated animals was due to alterations in the recruitment of inflammatory cells to the airspace, anti-CXCR2 Ab-treated and serum control-treated mice were challenged with P. aeruginosa, and then lungs were enzymatically digested into single cell suspension to determine total cell counts 24 h following inoculation. This time point was chosen because maximum influx of neutrophils in response to the i.t. administration of P. aeruginosa occurred at 12 to 24 h postchallenge. Compared to control animals, anti-CXCR2 Ab-treated mice exhibited a significant reduction in both percentage (data not shown) and total numbers of neutrophils (P Ͻ 0.01) 24 h after P. aeruginosa administration (Fig. 8) . Treatment with anti-CXCR2 Ab did not significantly alter the numbers of macrophages or lymphocytes after Pseudomonas challenge. To confirm the lung digest findings, lungs were harvested 24 h after inoculation with P. aeruginosa or saline and then assayed for lung MPO activity. In animals challenged with P. aeruginosa, a decrease in lung MPO activity similar in degree to that seen in total lung neutrophils was noted in the anti-CXCR2 Ab-treated mice compared to controls (data not shown). These results indicate that the impaired host response observed in CXCR2 neutralization was associated with a reduced influx of neutrophils into the lungs.
To further explore the effects of CXCR2 neutralization on pulmonary inflammation, lung histopathology was performed. Anti-CXCR2 Ab-treated and serum control-treated animals were challenged i.t. with 10 6 CFU of P. aeruginosa; then lungs (10 6 CFU; n ϭ 6 animals per group). ‫,ء‬ P Ͻ 0.01 compared to control serum-treated mice challenged with P. aeruginosa. NS, untreated mice challenged with noninfected saline; NGS, normal goat serum-treated control mice challenged with P. aeruginosa; aCXCR2, anti-CXCR2 Ab-treated mice challenged with P. aeruginosa. Data are representative of two separate experiments.
were harvested for histologic examination 24 h later. Following bacterial administration, a prominent infiltration of neutrophils was observed in serum control-treated mice (Fig. 9) . In contrast, fewer neutrophils were observed in the airspaces of anti-CXCR2 Ab-treated mice. In addition, an abundance of P. aeruginosa was observed in the airspaces of anti-CXCR2 Ab-treated mice, whereas no bacteria were seen in control animals.
DISCUSSION
Effective host defense against many bacterial pathogens of the respiratory tract is believed to require the recruitment and activation of neutrophils (46) . Recent studies have suggested that ELR ϩ CXC chemokines are expressed in the setting of pneumonia (16, 18, 29, 47) . In the setting of chronic Pseudomonas pneumonia in CF mice, persistent release of these chemokines (MIP-2 and KC) is implicated in the progressive neutrophil-dependent pathogenesis of airway destruction (18) . In murine models of acute gram-negative bacterial and fungal pneumonia, these chemokines appear crucial to the innate host defense (16, 29, 47) . The roles of this family or individual members of this family remain unclear. Mechanisms that mediate chronic inflammation in airways may be different from those that are involved in acute infection from Pseudomonas.
In this study, we examined the contribution of multiple ELR ϩ CXC chemokine ligands and their shared chemokine receptor CXCR2 to neutrophil recruitment and bacterial clearance in a murine model of acute Pseudomonas pneumonia.
The two best-studied murine ELR ϩ CXC chemokines, MIP-2 and KC, are functional homologues of the human ELR ϩ CXC chemokines, IL-8 and GRO-␣/␤ (36). MIP-2 and KC have been shown to contribute to neutrophil-dependent host defense in other models of pneumonia. Specifically, in a murine model of Pseudomonas pneumonia, MIP-2 and KC levels were associated with the presence of neutrophils in the lung (22) ; in murine Klebsiella pneumonia, MIP-2 was shown to be involved in the recruitment of neutrophils but had only modest effects on clearance of the pathogen and subsequent survival of animals (16) . In our studies, we found that Abmediated depletion of a single ELR ϩ CXC chemokine (MIP-2 or KC) resulted in rather modest changes in lung neutrophil sequestration, but no changes in survival or bacterial clearance in animals challenged with Pseudomonas. Therefore, we investigated the importance of ELR ϩ CXC chemokines as a group in Pseudomonas pneumonia, by blocking their common receptor CXCR2. This approach allowed us to overcome the difficulties in simultaneous neutralization of multiple ligands, which may have redundant and overlapping functions. We used a goat anti-murine antibody, which did not deplete cir- FIG. 9 . Effect of CXCR2 neutralization on lung histopathology in normal goat serum-treated control and anti-CXCR2 Ab-treated mice 24 h following i.t. administration of P. aeruginosa (10 6 CFU; n ϭ 2 animals per group). Hematoxylin-eosin stain; magnification, ϫ400.
culating neutrophils but prevented the in vivo influx of neutrophils into the peritoneum in response to exogenous KC (data not shown). Survival from the pneumonia that resulted from Pseudomonas inoculation in the setting of CXCR2 neutralization was indistinguishable from that caused by neutrophil depletion. Furthermore, impairment in bacterial clearance was dramatic in mice subjected to CXCR2 neutralization. While the residual lung accumulation of neutrophils in the setting of CXCR2 neutralization indicates that other mechanisms, such as other chemotactic factors or differential expression of adhesion molecules, may play a role in neutrophil influx in response to P. aeruginosa, the overall magnitude of effect of CXCR2 neutralization suggests that the interaction of ELR ϩ CXC chemokines with their receptor CXCR2 is a major, if not the most important, mechanism of neutrophil recruitment in host defense against P. aeruginosa. The impressive effect of CXCR2 neutralization suggests that multiple ELR ϩ CXC chemokine ligands may be involved. Other candidate murine ELR ϩ CXC chemokines are less well characterized. The newly described murine chemokine LIX has been shown to share structural homology with the human chemokines ENA-78 and GCP-2 and is chemotactic for neutrophils in vitro (38) . In a murine model of systemic endotoxemia, the expression of the ELR ϩ CXC chemokines was found to differ markedly in various organs (36) , with prominent expression of MIP-2 in the lung, LIX in the heart, and equal expression of KC in lung, heart, and liver. Our studies suggest that LIX mRNA is expressed in the lung in a time course similar to that observed for MIP-2 or KC messages, albeit to a lesser degree. Unfortunately, neutralizing LIX Abs are not available to perform in vivo neutralization studies. Another recently described murine ELR ϩ CXC chemokine, Lungkine, has also been shown to be chemotactic for neutrophils in vitro; it is constitutively expressed by lung epithelial cells but not expressed in other organs (35) . The preferential expression of chemokines in specific organs suggests that the various ELR ϩ CXC chemokines may have distinct biological roles. Studies are ongoing to evaluate the contribution of Lungkine in experimental Pseudomonas pneumonia.
This study has identified CXCR2 ligands as required components of host defense against P. aeruginosa. These results suggest that the augmentation of specific relevant members of the ELR ϩ CXC chemokine family may offer potential therapeutic avenues in the treatment of multiresistant and refractory nosocomial pneumonia due to P. aeruginosa. To this end, we have shown that the mice expressing the KC transgene in the lungs display enhanced resistance to intrapulmonary challenge with Klebsiella pneumoniae (47) . Given the emergence of highly resistant bacterial pathogens and the increasing population of immunocompromised hosts (5, 11, 43) , the treatment of bacterial infection has been and will continue to be quite difficult. Therefore, immunomodulation of host responses, especially if delivered in a site-directed fashion, may prove to be an attractive adjuvant to conventional antibiotic therapy. Furthermore, since CXC chemokines appear to occupy a distal position in the cytokine network, and exhibit more neutrophil chemotactic than activating effects, these favorable characteristics suggest that augmentation of chemokines may potentially improve the clinical outcome of patients with severe bacterial pneumonias while limiting the potentially serious adverse effects mediated by overzealous leukocyte activation and/or regulation of other potentially injurious cytokines. Future studies need to be performed to evaluate the effects of augmentation of ELR ϩ CXC chemokines on the outcome of Pseudomonas pneumonia.
